AO -antioxidants; CB -% carbon black; DSC -differencial scanning calorimetry; E -Young's modulus, MPa; HDPEhighdensity polyethylene; HS -Shore hardness; IL -inner layer; JIC -critical energy release rate, kJ/m²; KIC -fracture toughness, MPa.√m; La -most probable amorphous layer thickness, nm; Lc -most probable crystalline layer thickness, nm; Lp -long period of the lamellar stacking, nm; MDPE -mediumdensity polyethylene; MFI -melt flow index; OD -outer diameter, mm; OL -outer layer; OIT -oxidation induction time; PE -polyethylene; PP -polypropylene; Ra -arithmetical mean roughness, µm; Rq -root mean square roughness, µm; Rz -average maximum height of the profile, µm; SCG -slow crack growth, SDR -standard dimension ratio; Xc -crystallinity, %; XRD -X rays diffraction; εf -failure strain, %; σf -failure stress, MPa; σy -yield stress, MPa.
Introduction
At the present time, it is recognized that extrusion processes used to manufacture high performance polyethylene (PE) and polypropylene (PP) pipes induce significant variances in both molecular structure and product morphology [1] [2] [3] [4] [5] . As a result, final pipe properties depend on the ultimate processing parameters which are mostly the rate at which heat is removed and the applied pressure during extrusion. Analysis of extruded PE pipe morphology using atomic force microscopy showed that direct contact cooling with water showers resulted in gradual structure changes accompanied with a small orientation [1] . When studying different pipe cooling rates, thermal gradients caused the spherulites to grow from the outer towards the inner layers creating an orientation across the wall and concluding to a lower resistance to slow crack growth (SCG) [2, 3] . To predict plastic pipe lifetime under SCG mode, it is compulsory to consider the residual stress distribution imparted by the extrusion process [4] [5] [6] [7] . The important part of residual stresses lays in the circumferential direction as it is in direct relation with SCG in plastic pipes. Experimentally measured distributions follow most of the times an exponential form with compressive stresses at the outer surface. In the case of PE, residual stress magnitude at the pipe bore is around 0.8 MPa which is roughly 40% lower compared to PP similar measurement. Consequently, different resins can show considerable variations even though extrusion processes are analogous [5, 6] .
The aim of the present work is to investigate the mechanical and surface properties of HDPE pipe for the outer and inner layers as they can influence localized stress concentrators and fluid pressure drop. In addition, some structural properties are analyzed to appreciate morphology differences imparted by extrusion on both pipe sides.
Experimental methods

Field observations
Typical damage forms on the outer surface of PE pipes are illustrated in During handling, transport and construction, much attention is required to avoid any harm to the integrity of the structure. However, field observations show that superficial and even significant damages are induced on the outer surface of the pipes. The scratches shown in Fig. 1 a are usually caused by rock impingements and pipe rubbing on hard and stony soils creating more or less deep notches. These defects may become risky and pernicious during pipe service life as they might grow in the long run as real propagating cracks. It is understood that various scratches or friction marks can be caused by any contact with sufficiently rough or hot objects as revealed in Fig. 1 b. Finally, Fig. 1 c refers to a frequent damage caused to the outside weld seam after pulling on a hard asphalt paved road. These mechanically induced defects can become even more serious if other aggressive environmental effects are added to such adverse conditions.
Material and samples preparation
PE pipe used in this study is the Basell Hostalen CRP 100 black HDPE supplied by CHIALI Company, Sidi BelAbbès, Algeria. It is checked to be free from any surface alteration due to mishandling or unwanted contacts with other objects during transportation. Pipe standard dimension ratio (SDR) and outside diameter are 11 and 200 mm respectively. Typical properties are shown in Table 1 . In order to obtain localized mechanical properties, standard tensile specimens are machined directly from the pipe. Each PE pipe section is either turned or bored respectively to get both inner and outer envelopes as shown in Fig. 2 . One slit envelope can provide from 10 to 15 valid standard test specimens according to the general recommendations of ISO 527 and ASTM D-638. Cutting and slitting are performed using a parallel lathe with an orthogonal tool to avoid damaging pipe surfaces. Standard specimens with a thickness ≤ 4 mm and a gage width of 6.5 mm are subjected to monotonic tensile loads using a Zwick-1120 universal testing machine equipped with a 2 kN load cell and an extensometer. The TestXpert software controlled the experimental output data and recorded the information in real time using an RS232 computer interface. All experiments are conducted at ambient laboratory temperature at 50 mm/min.
Pipe surfaces are analyzed using scanning electron microscopy with magnifications up to 30.000 times. The metallization is performed by depositing a layer of gold. The surface micro-topography is examined by means of 3D Altisurf 500 profilometer from ALTIMET. Data acquisition is completed by scanning with a 3D reconstruction and regular roughness parameters are instantly provided by Altimap Software, according to current standards. The measuring head is a high resolution Altiprobe white light. Its range lays from 0 to 350 µm and uses a working distance of 12 mm with a resolution of 11 nm. The scanned zone is a 5 µm circular spot light at the measurement surface. The device allows scanning a sample surface of 2x2 mm², with 0.8 mm cutoff.
The various roughness components are automatically measured and the standard criteria (Ra, Rq and Rz, as defined by DIN-4768:1990) are calculated based on the following equations: 1 
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where: N is the number of events (depth or peak); Yi are the deviations from a mean line; Ypi is the highest profile peak and Yvi is the depth of the lowest profile. Shore hardness measurements were performed using a Mitutoyo durometer Hardmatic (HH-401) based on a statistical protocol for both specimen surfaces. This test is normally the rebound of a spherical calibrated carbide projectile at a determined rate on the material to be tested; the harder the material the higher the rebound. The device measures the ratio of rebound speed compared to the impact speed. Hardness reading is electronically displayed on a screen after recording corresponding signal voltages because of projectile movements. It should be noted that because of specimen curvature, inner surface hardness measurements should be carefully carried out by ensuring the true complete contact of the probe with the plane.
Oxidation induction time is analyzed using a NETZSCH (A 200 PC) differential scanning calorimeter. Samples weighting 15mg (± 2mg) are taken from each surface and OIT is determined by drawing a tangent to the steepest portion of exothermal curve in agreement with EN 728 AFNOR Norm at 200°C in an oxygen flow of 50 mL min -1 ± 10%.
Crystallinity is calculated using different techniques. The XRD spectra are measured using an X'pertPro (PANalytical) X-ray diffractometer. A scan rate of 2°/min at 2000 cycles is performed using CuK radiation for a wavelength equal to 0.154056 nm. A radial scan of Bragg angle versus intensity is obtained with an accuracy of ± 0.25° at the location of the peak. The processing of diffraction patterns is checked with reference to the JCPDS cards (ASTM Pdf N°11-834).
Subsequently, crystallinity is determined using Eq. 2: , cos
where: K is dimensionless shape factor close to unity,  is the line broadening at half the maximum intensity (in rad.) and  is the Bragg angle. For DSC measurements, a Mettler TA 3000 device allowing temperature scans from -170°C up to +600°C is used. We have chosen to work on mass samples of 10 mg with a heat rate of 10°C/min. Crystallinity is then calculated from Eq. 4:
where: ΔHf and ΔHf0 in (J/g) are respectively the changes in melting enthalpies of the material and the perfectly crystalline PE. The reference value ΔHf0 is usually taken from literature as 293 J/g. By means of Gibbs-Thomson expression, the crystallites size is calculated using Eq. 5:
where: e is the surface free energy and Tm 0 is the extrapolated equilibrium melting temperature. These two parameters for PE are 9 10 -6 J/cm² and 144.85°C respectively [4] . For the last method, experimentally measured densities for outer and inner pipe layers according to ISO 1183 are used to compute Xc from Eq. 6:
where: Dcr and Dam are completely crystalline and completely amorphous structure densities respectively. Such data is available in literature [3] ; for PE: 1/Dam= 1.172 cm Fig. 3 shows the true stress-strain mechanical behavior for both layers. The overall shape is typical for semi-crystalline PE as it reveals a large plastic zone which includes yielding at constant volume and plastic hardening. Although the transition (B) between elastic and plastic behaviors is not explicit as much as necessary for an immediate comparison, it is concluded that the inner layer shows better properties in elastic (A) and plastic (C) zones. It is noted that the inner layer is generally associated with positive residual stresses and a rather crystalline structure with respect to the outer layer (Table 2 ). This state of structure is a result of the manufacturing extrusion process. It has been found that the inner layer Young's modulus is 1725.72 MPa, representing about 1.9 times that of the outer layer. Thus, the following correlations for E and y can be avowed:
Results and discussion
Mechanical behavior
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The dominance of inner layer mechanical characteristics may also include other properties. For instance; deformation at break is virtually the same in both cases. In order to get an idea about material resistance to crack propagation, it has been shown that the difference between fracture toughness values (JIC; kJ/m²) for the two layers can reach up to 25% in favor of the outer layer. Again, the variations are attributed to changes in internal stresses and microstructure [5, 6, 9] .
Surface properties
Inner and outer surface have different morphologies: inner surfaces seem smooth, with small and asymmetric spherulitic texture. It is understood that gradual changes in the morphology are dominating from small asymmetric spherulites to randomly nucleated round-shaped ones when going from outer towards inner pipe surface (Figs. 4, a, b) . This is confirmed by Trifonova et al. study [1] . However, such texture does not appear in the outer layer, as a result of the cooling conditions (Figs. 4, c, d ). Skin effect is associated with extruded plastic products especially for structure as reported in Treselius et al. work [2] .
In fact, polymer skin is divided into 3 parts: (i) a nonspherulitic structure, 20 µm thick, is observed for outer surface (Fig. 4, d) ; (ii) followed with an imperfect spherulitic structure, about 50 µm thick; and finally (iii) the normal spherulitic configuration of the bulk material for over 130 µm. This last structure is essentially observed in the inner layer as it is slowly cooled during manufacturing (Fig. 4, b) . The inner surface is less rough than outer one. This is due to the contact of the pipe with the extrusion die and the rapid cooling achieved by intensive water showers allowing a resulting crimped and irregular surface prints (Fig. 4, d ). Higher magnification allowed identifying small-scale structural elements ( 2 m) which are possibly related to the spherulitic structure of the bulk material. Relatively small and imperfect spherulites are observed under polarized light microscopy and such structure persists from the bulk towards the inner wall surface [2] .
A first hypothesis can be the presence of carbon black species or their agglomerates at both inner and outer surfaces as it can be suggested from Figs. 4, a and c. It can be assumed that CB species have migrated to the surface during the cooling process. Alternatively, another explanation can be related to the initial CB distributions within the raw material which can lead to different fracture modes and surfaces. Literature indicates that although yield properties were similar, the post-yield properties were significantly dissimilar especially when CB distributions are random [10] .
In Nie et al. study [4] , it is stated that the dissimilar cooling rates across pipe wall surfaces generate a temperature gradient and provoke lamellar orientation along the radial direction. It is also concluded that such conditions lead to the development of the lowest tie-molecules density in the inner wall. Consequently, the resistance of the inner layer to radial SCG becomes poor. Furthermore, cracks are allowed to develop starting at the inner wall of the pipe, through the wall, and then turn aside along the longitudinal direction [4] .
Surface topography can explain the differences between inner and outer surface roughness. Fig. 5 illustrates topography and roughness profiles in X and Y directions at 2 positions of HDPE pipe. It is observed that inner surface encloses same hollows (Fig. 5, a) while cooling waves are observed on outer surface (Fig. 5, b) . In all directions, surface topography presents higher profile peaks and deeper valleys for every evaluation roughness length.
Besides mechanical properties presented in the previous section, both roughness and hardness are more important for the outer layer (Table 3) . Indeed, as the formed pipe is leaving the extrusion process, the solidifying melt is at a relatively high temperature. The contact with the inner side of the die influences the state of the resulting surface quality just before cooling. Experimental measurements indicate that the quenched surface develops a roughness greater than that cooled by free convection (internal surface). The positive differences between the two surfaces in terms of Ra, Rq and Rz are 31%, 32% and 41% respectively. In the same trend, outer layer hardness is much higher than that of the inner layer as the difference reached 19.3%. For absolute roughness and Shore hardness data, it becomes interesting to write down the following correlations:
It is understood that processing conditions and especially the lamellar flowing of the external surface are responsible for such discrepancies in favor of the outer surface. It should be mentioned that the lower the inner surface roughness the better it is to reduce pressure drop during service.
Structure changes
In this work, the structure is assessed using the two properties represented by the Xc for the extent of the amorphous and crystalline parts and the OIT to define the differences in resistance to thermal degradation within the pipe wall. Tables 4 and 5 recapitulate measured and calculated results regarding Xc, OIT and some morphological properties related to semi-crystalline polymers. In terms of crystallinity, it is found that the inner side exhibits constantly higher values whatever is the measuring method. Such result can be used as a worthy and plausible explanation for the better mechanical properties of the inner layer as indicated previously in Table 2 . However, such rationalization is not appropriate for the critical energy release rate (JIC) which is most probably influenced by the enforced residual stress state. Fortunately, higher JIC at the outer layer is beneficial for pipes as it would indicate that stress concentrators and surface defects are unlikely to initiate or enhance catastrophic crack propagation conditions.
The measured Xc values are shown in Table 4 for both cases. The change is as high as 25.6% based on DSC method which largely used in industry. The lowest and highest crystallinity values were given by XRD and DSC methods. The largest variations among the 3 methods for Xc are 7.3% and 4.5% respectively for outer and inner surfaces. The change is as high as 25.6% based on DSC method which largely used in industry. The lowest and highest crystallinity values were given by XRD and DSC methods. The largest variations among the 3 methods for Xc are 7.3% and 4.5% respectively for outer and inner surfaces. At this step, it is possible to write the following relationship based on crystallinity measurements for outer and inner pipe surfaces:
Generally, pipe manufacturing industry utilizes antioxidants (AO) to reduce the phenomenon of oxidation during storage, handling and service. These additives can act locally or migrate through the resin to minimize and/or eliminate potential oxidants which can cause irreversible damage to the pipe basic structure. Frequently used AO for HDPE pipes processing stabilization are alkyl phenols, phenolic primary components, and hydrolytically stable organo-phosphites [11] .
In terms of OIT and morphology, the measured and/or computed parameters are presented in Table 5 . It is worth noting that both OIT values are above the one provided by the manufacturer (Table 1) . It is worth noting that OIT values from both pipe sides are above the one provided by the manufacturer (Table 1 ). It is found that outer surface OIT is roughly 14% higher compared to that of inner surface (Table 5) . Consequently, it is acknowledged that the outer layer is much more predisposed to resist thermal degradation than the inner layer although it has undergone rapid cooling just after extrusion. This finding is in good agreement with critical energy release rate, Shore hardness and published OIT results (Tables 2, 3 and 6 ). In addition, the calculated crystalline (Lc) and amorphous (La) layer thicknesses, respectively designated by Lc and La, are found to be much significant at the outer surface layer compared to the inner one. These results are also corroborated from other studies [4, 9] . The summation of Lc and La is known as the long period of the lamellar stacking (Lp) which is also a higher parameter for the outer surface. During the cooling operations associated with the extrusion process, quenched outer surface with water baths assists fixing AO in the closest pipe layers. On the opposite side, atmospheric oxygen surrounding inner surface layers consumes the available AO all through sluggish open air cooling. It has been shown that slow cooling of the inner pipe surface leads to the formation of a low concentration of tie molecules in the beneath layer. As a result, the material exhibits a poorer resistance to crack propagation compared to the outer pipe layer [4] . Although pipe suppliers do not reveal anti-oxidation type used in most fabricated products, the measurement of OIT gives valuable information about AO concentration. That is why it is considered as a good appraisal of pipe resistance to oxidation occurrence.
On the other hand, residual stresses effect on pipe service life is furthermore decisive. Negative (or compressive) residual stresses support an advantageous outcome as they help reducing localized service loads; however, positive residual stresses (or tensile) proceed unfavorably since they accentuate applied stresses [10] . The main result of this step can be expressed in the following relationship using OIT as measured from DSC:
In order to comfort the obtained results, a literature survey is done for crystallinity and oxidation induction time associated with PE pipes. The change in Xc between outer and inner surfaces attained the 15% difference and it can even reach higher values. Table 6 summarizes some results of Xc and OIT from literature. Indeed, these findings are in agreement with the conclusion that Xc is increasing across the pipe wall from the outer towards the inner surface.
A similar trend is observed for OIT measurements as compiled also in Table 6 . It is noted that OIT differences range from 9% up to 27% in favor of the outer surface. However, one exception is found in the work of Talhi et al. as the difference is 10% but in favor of the inner surface for a CB pigmented MDPE pipe [13] . For the case of dug out pipes, the reported cases from literature indicate that Xc evolved practically towards a similar level with a difference between outer and inner surface approaching the 12%. The gas pipe kept a high OIT value while the water pipe indicates that it probably underwent some degradation as its OIT dropped to a low level [14] .
Critical contaminant migration, issued from plastic pipe additives (i.e. AO, stabilizers, lubricants, and fillers) is well reviewed in literature [11] . Although, such additives are commonly incorporated to improve HDPE pipes properties (i.e. strength, resistance to degradation, flexibility, color…); they can constitute a major risk for surface alteration and transported fluids. Indeed, outer surface roughness can reveal adverse consequences because of uncontrolled environmental chemical species and pipe landfill friction causing pipe damage followed by fluid leakage.
Also, PE welding operations are concerned because it is necessary to eliminate surface irregularities mechanically or chemically before proceeding to the weld. For internal surface, the most serious problem remains the dissipative friction between fluid flow and the rigid inner pipe wall contributing to substantial pressure drops and pipe vibrations.
Conclusions
Studying outer and inner pipe surface properties presents a major importance for fluids in interaction with plastic pipe transportation networks. Associating outer and inner pipe layers made it possible to bond surface and adjacent structure properties away from the bulk.
This research work allows to draw the following conclusions: 1. The adopted experimental method involving inward and outward machining allowed accessing mechanical and morphological properties of inner and outer surface layers of an extruded HDPE pipe. 2. It is found that stress-strain curves are similar for both layers. Howeve, the inner layer exhibits higher mechanical properties because of the manufacturing process which engenders compressive residual stresses and higher oxidation industion times. 3. Surface quality evaluation indicates that the diehardened pipe face develops an Rz roughness limit 41% higher than that of inner surface. Meanwhile, Shore hardness follows the same tendency, showing an increase of 19.3% in favor of the external surface. 4. The methods employed for crystallinity assessment provide acceptable measurements (differences < 8%). This property is found to be in favor of the internal surface just like mechanical properties. This is justified by the slow convection cooling of the inner pipe face. 5. The observed OIT result for the outer surface layer is 14% higher than that of the inner one. This is in agreement with the critical energy release rate measurements and the parameters measuring mutually crystalline and amorphous contributions for HDPE microstructure.
